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INTRODUCTION
Marine ecosystems, particularly those around coastal areas, such as coral reefs, have been studied to understand sediment transport (Agardy 2000 , Salas-Monreal et al. 2009b ), zooplankton and coral larvae dispersion (Holliday and Pieper 1980 , Becerro et al. 2006 , ChaconGomez et al. 2013 ) and the variability in spatial and temporal hydrodynamics and currents (Goreau and Hayes 1994 , Salas-de-Leon et al. 2004a , Wilkinson and Souter 2008 , Salas-Monreal et al. 2009b . Most oceanographic studies in the western Gulf of Mexico have been performed by analysing the processes that occur in a range of hundreds of kilometres (Zavala-Hidalgo et al 2003 , Monreal-Gomez et al. 2004 ). However, this scale is not appropriate to study coral reef areas where the dispersion of suspended particles is provided locally in tens of metres (Salas-Monreal et al. 2009b) . At this scale, eddies are generated by current rectification (Storlazzi et al. 2006) , which is attributed to coral reefs that act as natural barriers owing to their bathymetric changes. Cyclonic eddies generate highly productive areas owing to the deep high-nutrient cold water pumping to the surface (Salas-de-Leon et al. 2004b , Salas-Monreal et al. 2009b , whereas anticyclonic eddies are oligotrophic (Biggs 1992) . Eddies are one of the most important factors regarding the distribution of productivity areas, sedimentation and vertical water movements. They are also responsible for the turbulent flow that reduces light penetration (Salas-Monreal et al. 2009b) .
The Veracruz Reef System (VRS) is a Marine National Park in the Gulf of Mexico (Fig. 1) influenced by diurnal tides (Salas-Pérez et al. 2008 . The reefs are divided by the Jamapa River discharge, which generates pressure gradients and advection. The river's maximum discharges occur during the summer, whereas it is considered a salty river during the winter. The oblong shapes of the reefs, which are situated in a northwest-southeast direction, are mostly attributed to the currents and wind patterns (Salas-Monreal et al. 2009b) . Salas-Pérez et al. (2012) found that the dominant component of the wind during the summer season was parallel to the coast (southeasterly), whereas Velasco and Winant (1996) showed that the dominant winds in the area over a year are northerlies, northeasterlies, easterlies or southeasterlies. The wind-induced currents should dominate local dynamics because winds reach velocities of up to 100 km h -1 during the winter and up to 80 km h -1 during the summer. These winds can be sustained for up to 3 days.
The goal of this study was to advance our understanding of the yearlong hydrodynamics of a tropical coral reef system in the western Gulf of Mexico, a shallow reef area under the influence of strong winds and seasonal river discharges. In situ data were collected during the year 2008 to describe any possible current and surface temperature variations during the year.
MATERIALS AND METHODS
Current profiles from a 300-kHz acoustic Doppler current profiler (ADCP) were obtained in the VRS, a shallow (<45 m) coastal area with abrupt bathymetric changes in the western Gulf of Mexico, to elucidate the yearlong hydrodynamics and the effect of current variation in a tropical coral reef area. The ADCP ping rate was averaged every 5 s, yielding a horizontal resolution of approximately 15 m and a vertical resolution of 1 m. The ADCP compass was calibrated using a global positioning system data set following the methods of Trump and Marmorino (1997) . The vessel-mounted ADCP was towed every two months during a diurnal tidal cycle in 2008. A minimum of five transect repetitions (Fig. 1) of velocity, temperature, salinity, chlorophyll-a levels and density profiles were continuously collected along the reefs from January to December 2008 to obtain the residual current pattern and the yearlong hydrographic data set. The transect repetitions were performed at a speed of 3 m s -1 near the reefs and 5 m s -1 in open waters during a diurnal tidal cycle. All of the data were positioned with a global positioning system (GPS) synchronized with the ADCP. Two vessel-mounted ADCPs were used concurrently to cover the entire area, with the first vessel covering the northern reef area and the second vessel covering the southern reef area. Both of the ADCPs were programmed equally and started and ended their transects at approximately the same time. When the vessel-mounted ADCPs reached the end of the transect, they followed the same track back to the start of the transect to begin again. The tidal and harmonic signals were separated using a harmonic analysis method (Salas-Monreal et al. 2009a) .
To obtain homogeneous maps of currents and water temperature, an objective analysis process was performed using a triangular interpolation method with linear interpolations (Emery and Thompson 2001, Salas-de-Leon et al. 2004a, b) . Density profiles were ob- tained monthly from a conductivity-temperature-depth recorder (SeaBird-19 CTD) at the anchored station and at the ends and middle section of the transects (Fig. 1) . Drift buoys were also deployed each month to obtain the 1-m-depth current trajectories. The buoys had an integrated Garmin GPS to locate them every 30 second. The empirical orthogonal functions (EOF) were obtained to elucidate the principal modes of the current speed, calculated using the yearlong time series of each transect point. Finally, the modes were correlated with the acceleration terms of the momentum equation. To describe the effects of the abrupt bathymetric changes on current rectification, four points were selected: one on each side of the reef at a distance of 500 m perpendicular to the reef coast (Fig. 1) . The current for each point was rotated to have the primary components parallel and perpendicular to the reef coast, leaving the x-axis perpendicular and the y-axis parallel to the coast. Each current profile was recorded with a 600-kHz Nortek Acoustic Doppler Profiler (ADP) with a vertical resolution of 1 m. In addition, a time series of water velocities, density, chlorophyll-a levels, salinity and temperature were recorded from 6 January to 10 December 2008 to elucidate any seasonal or annual variability (Fig. 1 ).
RESULTS AND DISCUSSIONS

Current pattern
The residual flow was separated from the tidal signal using a harmonic analysis that was obtained once every two months from the repetition of the five transects during the 25-h periods. The surface residual flow suggested the dominance of the southward current component from November to May 2008, and a reversal of the flow during the summer (Fig. 2 ) with some variation (east-west) owing to wind velocities. Since most of the coral spawning takes place during the summer, it was suggested that the southern coral reef areas should be one of the sources of coral larvae in the western Gulf of Mexico (Salas-Pérez and Granados-Barba 2008). During northeasterly wind conditions, the water flow accelerated at the constriction between the two reef areas and between the continuous reefs because the same amount of water has to pass through a smaller area. Current velocities observed in the southern reef area were higher than those observed in the northern area, a result that was not expected based on continuity, which would suggest an acceleration of the flow due to the shallowness of the northern reef area and the proximity between reefs (Fig. 1 ). In this study the differences in velocities of the two reef areas was attributed to bottom friction. The depth of the southern reef area is 45 m, whereas the depth of the northern reef area is only 25 m. As observed with the surface current patterns (Fig. 2) , the flow rectified its trajectory near the reefs because of topographic constriction, as observed using the objective analysis process performed with a triangular interpolation method with linear interpolations (Salasde-Leon et al. 2004a, b) . Current rectification was also observed with the drift buoys (Fig. 3) , which rectified their trajectories near the reefs, moving parallel to the reefs regardless of the wind velocity and season of the year. The drift buoys showed a dominant southward current component from November to May 2008, and the current reversed during the summer. The reversal of the currents is mostly attributed to the Gyre of Campeche and to remote winds, a mesoscale behaviour that affects the western Gulf of Mexico (Zavala-Hidalgo et al 2003, Dubranna et al. 2011 , Salas-Pérez et al. 2012 , Allende- Arandía et al. 2016). The residual time within the system is approximately 5 days, but due to current rectification some of the larvae could stay near the reefs for up to 45 days in the northern and 40 days in the southern reefs, as was determined by calculating the residual time using the volume flux around the reefs. To prove that the rectification of the current is due to the abrupt bathymetric changes, four ADPs were anchored near the southeasternmost reef (Fig. 1 ), and the velocities were then rotated to show them as parallel and perpendicular to the coast. When currents were rectified through bathymetric constriction, the parallel component of the flow was found to be significantly higher than the perpendicular component. It was found that the vertically integrated currents always moved parallel to the reef coast, regardless of the wind velocity or the primary current pattern observed in adjacent waters. The correlation between the wind velocity and the vertically integrated current velocities was always below 0.38 for the x-axis and 0.46 for the y-axis for the four points. This pattern suggested that the currents were rectified by the reef, moving around the reef rather than moving in the same direction as the wind (wind-induced currents). The calculated relative vorticity suggested a cyclonic movement (positive vorticity) from November to May 2008 and an anticyclonic movement (negative vorticity) from January to April 2008. This is different than in most reef areas, where the vorticity remains the same (positive or negative) throughout the year. In the western Gulf of Mexico the vorticity around the reefs changes owing to current direction, making it a sink for larvae in summer and a source of ichthyoplankton organism in winter when currents moves southward.
As observed with both the Lagrangian and Eulerian analyses of current velocities, the dominant current velocities had a northwest-southeast dominant component. The currents were parallel to the coast and suffered some rectifications due to the abrupt bathymetric changes produced by the presence of the reefs and islands. The water near the reefs always moved parallel to the reef, regardless of the wind direction. The correlation between the wind and the near reef currents was always below 0.46, whereas the correlation between the "open water" currents and the wind was always above 0.72. During the winter, the dominant southward currents should bring relatively cold water to the system because these currents carry water from the northwestern Gulf of Mexico, whereas during the summer, the dominant northward currents should bring warmer water from the Campeche Bay and the Caribbean Sea.
Cross-isobath surface currents seem to be very large near the Jamapa River and around the reefs (Fig.  2) . During the rainy season, from June to November (Fig. 4) , the river and sewer discharge increase the cross-isobath velocity near the coast, while the current rectification produced by the reefs (merged and submerged) accelerates the cross-isobath flow. It was found that wind and current directions were well correlated at a distance of more than 2 km from the coast. This will produce large cross-isobath surface currents with northeasterly, easterly, southwesterly or westerly winds. According to the wind rose, using daily average velocities for 2008, it was found that the dominant winds were northwesterly, followed by northeasterly (Fig. 4) . This result differed from that reported by Salas-Pérez et al (2012) ; the discrepancy could be attributed to a possible underestimation of their east-west component due to a scale deformation.
Hydrographic variations
Sea surface temperature (SST) recorded in 2008 varied from 22°C in winter to 32°C in summer (Fig. 5 ). The highest temperatures were observed over the northern coral reefs due to the shallowness of the area and the relatively weak velocities (<30 cm s -1 ) compared with the southern coral reef area. Mateos-Jasso et al. (2012) show the existence of an upwelling in the VRS. The lower temperatures in the southern reef area, where the strongest velocities were observed, were not related to this phenomenon. It was found that the southeasterly winds (upwelling conditions) were not related to a well-mixed water column (Fig.  4) . Southeasterly wind conditions were found to be related to a well-stratified water column, with warm temperature at the surface and cold-salty water at the bottom. The well-mixed water column was related to northeasterly and strong northwesterly (>30 km h -1 ) wind conditions, neither of which are upwelling conditions. Therefore it was found that the lower temper- atures were most likely related to advective processes from the open ocean toward the VRS. The relatively weak velocities observed over the northern coral reef area were attributed to the proximity to the reef, and to the shallowness of the area (bottom friction). Due to the shape of the coast line, the Cape of Anton Lizardo (Fig. 1) protects the northern reef area from the southerly winds during the summer season (SalasMonreal et al. 2009b) . From November to May, the temperatures ranged from 22°C to 25°C. The lower temperatures were attributed to the seasons (winter and autumn), which are characterized by strong northerly and northeasterly winds, locally termed "northern" (Salas-Monreal et al. 2009b) , and to the current direction, which brings relatively cold water from the northwestern Gulf of Mexico. As observed in Figure  5 , the horizontal temperature gradients were not as high as expected (2°C in 10 km). A higher horizontal temperature gradient was expected due to the depth differences between the two reef areas; the shallow reef area (northern reefs) was expected to be hotter than the deeper area (southern reefs). The relatively homogeneous temperature within the VRS was also attributed to the water velocity (Fig. 3) , which moves water (suspended particles) from the northern to the southern reef area in approximately 24 h. Finally the river discharges from the Jamapa River may suggest a higher temperature gradient within the area, but this was not observed owing to the weak river discharge of the Jamapa River (Fig. 4) during most of the year (1.9×10 6 m 3 year -1 ). From July to September, the SST was 30°C, with a spatial variation of up to 2°C, similar to the coldest months (Fig. 5) . The warmer surface (1 m) temperatures observed during the summer and spring were also attributed to the relatively weak current velocities compared with the coldest months and to the northerly current direction, which brings warm water from the Bay of Campeche and the Caribbean Sea. The isothermals were observed in a circular shape around the reefs. This pattern was attributed to the shallowness of the reefs, which allowed the solar irradiation to heat the entire water column (<15 m), and to the currents, which were parallel to the reef coast (in a circular shape), isolating them from external deeper water cooling. The coldest months of the year were observed from October to March (Fig. 6 ) and the warmest from June to September. During the warmer months, the vertically integrated salinity and density (Fig. 6) dropped. This drop was attributed to the rainy season (Fig. 4) because the area studied is directly affected by one river located in the middle section of the bay and two rivers located approximately 60 km toward the north (La Antigua River) and approximately 80 km toward the south (Papaloapan River) of the bay. During the coldest months, the vertically integrated salinity and density increased. This increase was attributed to the current velocities that brought salty open water to the bay, in contrast to the warmer months when the currents (northeastwards) pushed the less salty water from the Papaloapan River to the VRS. It was found that the nearshore surface (1 m) temperature was larger than the offshore temperature during each month. However, there was great seasonal variability related to less mixing due to weaker winds and smaller waves in summer than in winter. The space variation was 1×10 -4 °C m -2 and the time variation was 1.9×10 -2 °C day -1 .
The chlorophyll-a levels were recorded once a month in 2008 and did not exhibit a significant variation (Fig. 6) , as the levels were always approximately 2 μg m -1 . However, in January the observed value was 3.2 μg m -1 . The increased levels were attributed to strong northeasterly winds that mixed the entire water column (Fig. 4) with resuspended nutrients from the seafloor. The salinity and density were highly correlated (r 2 =0.87) but the temperature and chlorophyll-a levels were not (r 2 =0.42). 
Vertical variations
The current velocity (Fig. 7) observed at the anchored station (Fig. 1) showed baroclinic properties, as the current velocities changed direction within the water column. The north-south component of the current (v) was always higher than the east-west component (u). The instrument was deployed at the 15 m isobath with the north-south component of the current travelling along the isobath and the east-west component travelling across the isobath. Wind effects were observed during the cold months to depths of up to 8 m. The wind direction was highly correlated with the current direction from the surface down to 8 m in depth (r 2 >0.76). Below this depth and during the warmer months, the currents moved in a northward direction. During the warmer months, the wind direction and the vertically integrated water velocities were highly correlated (r 2 >0.68). A westward direction of the currents (u) was also observed during the period of northeasterly and strong northwesterly winds (locally called nortes) and during the period of southeasterly winds (locally called suradas). This wind pattern was observed because the local winds had a predominant northwesterly direction (Fig. 4) . However, during the cold months, the current direction at depths below 9 m and the wind direction were not correlated (r 2 <0.34). At depths below 9 m, the current moved northeastward regardless of the wind velocities, suggesting that the advection term in the moment equation should be important, and also that there could be a connection between the ichthyoplankton organisms located below 9 m depth in the southern and northern reef areas of the VRS.
When the wind relaxed, the flow moved eastward, as was observed with the vertically integrated current velocities. This feature suggests that the pressure gradient term should be locally important. At depths below 10 m, the current always moved northeastward, suggesting that this may be the dominant circulation of the western Gulf of Mexico without the influence of the wind. According to the EOF applied to the current speed using the yearlong time series of each transect point, only two modes were detected as being responsible for explaining more than 93% of the total variance (Fig. 8 ) in 2008. The first mode was higher close to the reefs, whereas the second mode was higher toward the open waters. The first mode was attributed to friction (Fig. 9 ) due to the wind (surface friction) and the second mode was attributed to advection. Friction (along both the surface and the bottom) had a higher effect in shallow waters because the friction can affect the entire water column, whereas advection had a higher effect in open water or toward the open sea (Salas-Monreal et al. 2009b ). However, given the baroclinic behaviour of the flow at the anchored station and the observed barotropic adjustment (eastward flow from surface to bottom) under periods of wind relaxation, the pressure gradient term should be important to the local dynamics. This relaxation was only observed after episodes of strong winds. The strong winds occur on average 38 times a year (Salas-Pérez et al. 2012) . Therefore, below 9 m depth there could be a direct connection between ichthyoplankton and coral larvae in the southern and northern reef areas of the VRS.
CONCLUSIONS
Current velocities, which were measured using an ADCP and temperature, salinity and density data sets from a CTD, were recorded bimonthly during the year 2008 in a tropical coral reef system to elucidate the effects of the abrupt bathymetric changes on current rectification and shallow reef temperature variations. According to the EOF, the dominant terms in the shallow reef system were advection and friction; both terms explained more than 90% of the total variance. Mode 1 ranged between 55% and 75% and mode 2 ranged between 25% and 40% in the entire reef system area. The surface current velocities showed the dominance of the v component (north-south direction, parallel to the coast and to the isobaths), which was attributed to surface friction (winds). The data clearly showed that the coral reefs produced current rectification even when the reefs were not emerged (1 m depth) because the currents moved parallel to the reefs regardless of the wind velocity (surface friction) and to the mesoscale current pattern (advection). Surface temperature and chlorophyll-a levels were not correlated in 2008. Salinity, temperature and density were correlated but the chlorophyll-a levels always showed a constant value of close to 2 μg l -1 . This finding was attributed to local river discharges and to the reef itself, which is a high-productivity area. The residual current velocities throughout the year (2008) never reached more than 50 cm s -1 , whereas the temperature varied from 21°C to 30°C throughout the year, with the highest temperature near the coast and the reefs due to the shallowness of the areas and the low turbidity of the water near the reefs. A direct connection between the ichthyoplankton and coral larvae below 9 m depth from the southern and northern reef areas of the VRS was also suggested, but above 9 m depth there is a physical barrier for the planktonic organisms due to the Jamapa River. Finally, the data showed that the entire water column was only able to mix under northeasterly and strong (>30 km h -1 ) northwesterly wind conditions.
